Abstract We model and measure the SBS threshold in few-mode fibers, and demonstrate parametric amplification. Furthermore, we present an optimized fiber design that has a SBS limited nonlinear phase shift, higher than that of a conventional highly nonlinear fiber.
Introduction
Stimulated Brillouin scattering (SBS) is in many cases a limiting factor for nonlinear signal processing in optical fibers as it set the upper limit for the power, which can be launched into the fiber, and thereby set the maximum nonlinear phase shift. This is described through the nonlinear figure of merit (FOM NL ) for SBS limited highly nonlinear fibers 1, 2 :
where γ is the Kerr nonlinear coefficient, L eff the effective length and P th the SBS threshold. In this work we use a higher order mode in a few mode fiber as a way to increase the FOM NL . Measurement and modeling results for SBS threshold are shown for two fibers supporting LP 01 and LP 11 . For the fiber with the highest FOM NL , intra modal four wave mixing results are presented as well. The examined fibers are not ideal for nonlinear signal processing as they are designed as transmission fibers. A theoretical design for an optimized two LP mode highly nonlinear fiber is presented and shown to have a high FOM NL for the LP 11 mode.
Modeling
To calculate the SBS threshold from the optical refractive index profile of the fiber, the models de- Fig. 1 : Index profiles FM-HNLF scribed in 3, 4 , have been used. From the optical refractive index profile, the radial acoustic velocity profile is found. The acoustic wave equation is then solved for guided acoustic modes. For each acoustic mode, the Brillouin frequency shift ν B , the Brillouin bandwidth ν Bbw , and the peak Brillouin gain efficiency G 0 are found. The later from the overlap with the optical mode 4 . The SBS threshold power is determined by the acoustic mode with the highest Brillouin gain efficiency G 0.max . The SBS threshold is then calculated from
where q is a constant, depending on ν B , ν Bbw , G 0,max , fiber attenuation, length and finally the ratio of input power and back reflected Stokes power at threshold. In our modeling this ratio is set to 0.16 as this gives best agreement with measured threshold. q is then calculated from formula (20), (27), and (28) in 3 . Four fibers have been modeled. The two first are commercial fibers from OFS, a step index fiber (2MSIF) supporting two LP modes and a graded index fiber (2MGIF) also supporting two LP modes 5 . Both originally designed as transmission fibers. These fibers have also been used for the experimental work. However, as shown later these fibers are not ideal for use for parametric amplification as their high chromatic dispersion 5 give poor phase matching. To our knowledge no few mode fibers have been realized with better phase matching. However, some theoretical designs have been proposed 6, 7 . These fibers are designed for a zero dispersion wavelength around 1550 nm for both LP 01 and LP 11 and a high Kerr nonlinear coefficient for both modes. The third design modeled is a round version of the elliptical design proposed by Guo and co-workers 7 (FM-HNLF-SI). Finally, the fourth design is a proposed improved version of the Guo design (FM-HNLF- 
SBS Measurements
The Brillouin scattering measurements are done on a 10 km long 2MSIF and a 1 km long 2MGIF. The experimental set-up is shown in figure 2 . An Agilent laser at 1545.14 nm is used as the pump source. The pump is fed to the two mode fiber under test through a circulator. For varying input powers, the Brillouin back reflected power is monitored at the third port of the circulator, while measuring the output power at the far end of the test fiber. The launched power into the test fiber is measured using a cut back technique. The LP 11 mode is excited in the fiber using a thermally induced fiber based long period grating with a mode purity greater than 20 dB. The SBS threshold (SBST) is calculated from the reflection measurements using the tangent intersection method as shown in figure 3 . For the 2MGIF, the SBST are measured as 150 mW and 462 mW for the LP 01 and LP 11 modes respectively, while for 2MSIF, it is measured at a lower value of 33 mW and 41 mW respectively. The measured values agrees well with the modeled SBST values as shown in table 2. The higher SBS threshold measured for the LP 11 mode accounts for its higher effective area and less overlap with the acoustic modes compared to the fundamental LP 01 mode. Going from a step index profile to a graded index profile further changes the acoustic mode profiles resulting in an even lesser overlap between the optic and acoustic modes and a higher SBST. 
Parametric amplification
To demonstrate the higher FOM NL of higher order mode amplification, we measure the conversion efficiency of intra modal four-wave mixing (FWM) separately for each mode in the 2-mode graded index fiber. analyzer.
An EDFA amplified tunable laser source is added to our set-up (dashed lines in figure 2 ), which provides ≈ 60 mW of optical power. To measure the output spectrum an optical spectrum analyzer is used. The conversion efficiency is given as the ratio between signal and idler power. The modes are launched using either a singlemode to few-mode fiber splice or a broadband long period grating. The pump is kept at 1545.14 nm, and the power is adjusted to the Brillouin threshold for each mode respectively to measure the maximum conversion efficiency. The signal and pump polarizations are aligned by maximizing idler power before each measurement. On figure 4 the conversion efficiency is shown for each mode. Since the dispersion is high in this test fiber, the phase-matching is extremely narrowband. Notice, how the LP 01 mode follow the distinctive sinc function pattern, while these are not clearly visible in the LP 11 measurement. This could be due to the OSA not perfectly picking up the LP 11 mode due to its asymmetric intensity pattern. The maximum conversion efficiency for the LP 01 FWM is -17.2 dB, while the LP 11 mode sees a 6.3 dB improvement at -10.92 dB. This corresponds well with the 7.3 dB improvement, predicted from the measured threshold values. This demonstrates that higher order modes are a viable path for increasing conversion efficiency.
Conclusions
We show that the non linear figure of merit for SBS limited highly nonlinear fibers (FOM NL ) can be improved by optimizing the design of the index profile. Through modeling and experiments it is shown that a graded index fiber profile gives a higher SBS threshold than a step index profile. We have shown a FOM NL of 0.36 using LP 11 in an existing fiber with non ideal phase matching. Furthermore, we have shown a theoretical design also with a FOM NL of 0.36 with much better dispersion properties yielding an improved phase matching. This is an 80 % improvement compared to the FOM NL of 0.21 for conventional single mode HNLF 2 . Finally, to the best of our knowledge, we demonstrate the first intramodal parametric amplification in a higher order mode.
